Here we report the use of exonuclease to expose complementary DNA between an insert and vector such that annealing becomes independent of restriction site compatibility. We demonstrate that unusual and, in some cases, previously impossible cloning strategies can be readily and efficiently achieved as long as the flanking sequences of the linear vectors are highly related. Furthermore, we show that the bacterial repair system resolves the residual mismatches, overhangs or gaps in a predictable fashion to generate excisable inserts. This approach facilitates cloning regardless of restriction site compatibility and overcomes an important limitation in current cloning techniques.
Conventional cloning requires a DNA insert and a recipient vector to possess either blunt or compatible cohesive ends by restriction digestion. Recently, the exonuclease activity of T4 DNA polymerase or exonuclease III itself has been used to generate short, 2 or 4 nt, cohesive ends similar to those produced by restriction enzyme digestion (1, 2) . As with restriction enzyme mediated cloning, both strategies still require a ligation reaction. However, it has also been found that by generating longer cohesive ends, the annealed DNA complex becomes more stable and the ligation reaction can be omitted (3) (4) (5) . This technique is therefore known as ligation independent cloning (LIC).
T4 DNA polymerase and exonuclease III are incompletely processive exonucleases (6) (7) (8) . This property of incomplete processivity leads to our hypothesis that (i) the gaps and overhangs exist in the annealed complexes of LIC; (ii) once the annealed DNA complex is introduced into the cell, the non-complementary regions (gaps and overhangs) can be effectively repaired by the bacteria. This hypothesis is illustrated schematically in Figure 1 .
During the process of making double-cistronic expression vector, it was convenient for us to clone a PCR product designed for one restriction site into an immediate adjacent site without further change of our design by using LIC. In this case, gaps would be produced at one of the junctions between the vector and insert, and a mismatch/overhang would be present at the other junction. Based on our hypothesis, bacteria will efficiently repair and ligate the complex.
We wish to clone six different inserts initially designed for EcoRI site into an adjacent SmaI site by LIC. The resulting annealed complex is schematically illustrated in Figure 2a . A SmaI linearized vector was prepared at ∼0.1 µg/µl. Vector (0.1 µg) and PCR insert (0.1 µg) were mixed in 1× exonuclease III buffer on ice. Twenty units of exonuclease III were added to a final reaction volume of 10 µl. The reaction mixture was incubated at 14_C for 1 min. An aliquot (90 µl) of 50 mM EDTA (pH 8.0) was added to stop the reaction. The reaction mixture was phenol/chloroform (1:1) extracted, ethanol precipitated and resuspended in 10 µl of TE. The ends of the DNA fragments were melted at T m + 10_C for 3 min. The T m was estimated by counting 2_ for each A-T and 4_ for each G-C base pair. The insert and vector were annealed at 4_C until the water in the annealing beaker was cooled to the same temperature. Annealing mixture (5 µl) was directly used for transformation. One tenth of the transformation reaction mixture was plated. The resulting colonies were analyzed by restriction digestion and the positives were further analyzed by DNA sequencing.
The cloning efficiency was estimated by measuring both the transformation efficiency and percentage of positive colonies (PPC). Transformation efficiency was defined by the colony forming unit (CFU) per microgram insert DNA, while the PPC was estimated by restriction digestion of plasmid miniprep DNA from randomly picked colonies. As expected, all six attempted Mismatches and overhangs at 3′ junction of the experimental design were correctly repaired. Note that the originally designed restriction site was restored. * represents those ends generated by exonuclease digestion; they can be a few nucleotides longer or shorter.
constructs were obtained and the double-cistronic expression vector was successfully generated (9) . The average transformation efficiency was 1.52 × 10 4 CFU (Fig. 2b, shaded box) . The average PPC was also acceptable at 24% (Fig. 2b, open box) . The slightly lower cloning efficiencies compared to previous reports (3) (4) (5) are presumably the results of the non-complementary regions in the annealed vector-insert complexes.
From the experimental design, we knew that there would inevitably be gaps, overhangs and mismatches in the annealed insert-vector complexes (Fig. 2a) . Figure 2c shows the sequences of one of the repaired junctions. Mismatches and overhangs due to restriction site switch were correctly repaired according to the annealed DNA strand. This was true at each of the junctions of the non-complementary cloning constructs including gaps. This differs from the previously described mismatch cloning which gives two different progeny plasmids (10) . Furthermore, the originally designed restriction site (EcoRI) was restored at both the 5′-and 3′-end of the insert and the actually used restriction site (SmaI) was restored at the 5′-not the 3′-end of the insert (Fig. 2c) . The restored restriction sites facilitate future analysis of the constructs. Because our method is based on sequence annealing, alignment is automatic and as expected there were no frameshifts in the resulting plasmids. For the same reason, the orientation of the insert with respect to the vector is determined from the PCR primer design which also prevent multiple insertions. The technique requires complementarity of the insert to flanking regions of the linear vector and is most efficient if the insert is cloned into adjacent restriction sites of the same vector or into different but highly related vectors. This strategy is highly reproducible and reliable. We successfully cloned other 16 different inserts designed for BamHI site into adjacent XhoI linearized vectors by this strategy (data not shown). The method has been successfully used in different Escherichia coli strains (DH5α, XL1blue and HB101). The fact that we can effectively transform low-competency BL 21 cells, (11) indicates the broad utility of this strategy (data not shown).
The question remains as to the maximal length of gaps, overhangs and mismatches that can be tolerated and what is the minimum length of the complementary region. We believe that bacteria can repair substantially longer overhangs, gaps and mismatches than we demonstrated here, provided that the complementary sequences are sufficiently strong to carry the insert-vector complexes into the cells. Theoretically, a longer complementary region will generate more stably hybridized insert-vector complexes. Therefore, it should result in higher cloning efficiency. The shortest complementary region we used in the strategies for annealing was 8 nt. However, the shortest limit of the complementary region is currently unknown.
While this technique was developed to facilitate complex cloning and subcloning strategies, it has other applications as well. For example, it should aid in linking together overlapping genomic or cDNA clones to create intact genes or full length cDNA. In addition, the stability of the annealed DNA segments should make this approach useful for direct transformation of eukaryote cells. Accordingly, this technique could be used in studying DNA repair in bacteria, yeast and mammalian systems.
